Mitochondria are a major source of superoxide, formed by the one-electron reduction of oxygen during electron transport. Superoxide initiates oxidative damage to phospholipids, proteins and nucleic acids. This damage may be a major cause of degenerative disease and aging. In isolated mitochondria, superoxide production on the matrix side of the membrane is particularly high during reversed electron transport to complex I driven by oxidation of succinate or glycerol 3-phosphate. Reversed electron transport and superoxide production from complex I are very sensitive to proton motive force, and can be strongly decreased by mild uncoupling of oxidative phosphorylation. Both matrix superoxide and the lipid peroxidation product 4-hydroxy-trans-2-nonenal can activate uncoupling through endogenous UCPs (uncoupling proteins). We suggest that superoxide releases iron from aconitase, leading to a cascade of lipid peroxidation and the release of molecules such as hydroxynonenal that covalently modify and activate the proton conductance of UCPs and other proteins. A function of the UCPs may be to cause mild uncoupling in response to matrix superoxide and other oxidants, leading to lowered proton motive force and decreased superoxide production. This simple feedback loop would constitute a self-limiting cycle to protect against excessive superoxide production, leading to protection against aging, but at the cost of a small elevation of respiration and basal metabolic rate.
Mitochondrial reactive oxygen species (ROS) production and aging
Superoxide, H 2 O 2 and other ROS are thought to be generated by mitochondria during electron transport as inevitable by-products of normal aerobic metabolism. Superoxide is formed by the one-electron reduction of oxygen by flavins, quinones and other one-electron species of the electron-transport chain. H 2 O 2 is formed from superoxide by dismutation, catalysed by the intramitochondrial Mn-dependent superoxide dismutase. Superoxide and H 2 O 2 can then give rise to lipid peroxides, hydroxyl radicals and other reactive species. ROS may be important in cell signalling, but it is clear that high levels of ROS also cause cellular damage [1] and there is growing evidence that ROS production in the mitochondrial matrix is particularly harmful. ROS initiate oxidative damage to phospholipids, proteins and nucleic acids, and accumulation of this damage may underlie normal aging [2] . For example, mitochondrial lipid peroxidation [3] , oxidative damage to mitochondrial DNA and protein [4] [5] [6] and protein carbonylation [7] [8] [9] increase with age. Furthermore, the rate of superoxide production by submitochondrial particles and the rate of H 2 O 2 production by mitochondria decrease as maximum life span potential increases [10] [11] [12] [13] [14] , suggesting that ROS may be important in determination of longevity.
The relative importance of different sites of superoxide production in mitochondria is unclear. Most workers have concluded that the main sites are either complex I or complex III of the electron-transport chain. The older literature suggested that ubiquinone and complex III were dominant. The semiquinone at centre o of complex III of heart mitochondria was shown to be the main producer of superoxide based on inhibitor studies [15] . More recent papers suggest instead that complex I is more important [16] [17] [18] [19] [20] . The iron-sulphur centres [21, 22] and the active-site flavin [23] of complex I have each been proposed as the main site of superoxide production.
Superoxide production from complex III is partly or completely directed to the intermembrane space, whereas superoxide production from complex I appears to occur entirely in the mitochondrial matrix [19, 24] . In isolated mitochondria, superoxide production on the matrix side of the membrane (measured as external H 2 O 2 production independent of exogenous superoxide dismutase) is particularly high during reversed electron transport to complex I driven by oxidation of glycerol 3-phosphate [24] or of succinate. Figure 1 shows that there is a very high rate of matrix superoxide production in rat skeletal muscle mitochondria using succinate as substrate, and that this is abolished by rotenone, which prevents reversed electron transport from succinate to complex I. With either succinate or glycerol 3-phosphate as substrate, this superoxide production is particularly sensitive to proton motive force, which is needed to maintain reversed electron transport [24] [25] [26] [27] [28] . This can be seen in Figure 2 , where mild chemical uncoupling strongly attenuates superoxide production even when there is only a small decrease in proton motive force. Oxidation of palmitoyl carnitine by mitochondria leads to the generation of matrix superoxide [19, 29, 30] , and its production may also be sensitive to proton motive force. Since mild uncoupling of mitochondria will lower proton motive force and hence raise respiration rate, it will lower the local oxygen concentration and tend to oxidize components of the mitochondrial electron transport chain. Mild uncoupling may therefore decrease mitochondrial ROS production by lowering the concentrations of both oxygen and its one-electron reductants [28] .
Thus significant matrix ROS production may occur with physiological substrates. It may be damaging and contribute significantly to aging. It may be sensitive to proton motive force, and it may be decreased by mild uncoupling.
Activation of mild uncoupling through UCPs (uncoupling proteins) by superoxide
UCP1 is a member of the mitochondrial anion carrier protein family. It is found in the inner membrane of brown adipose tissue mitochondria, where it is responsible for the regulated uncoupling of oxidative phosphorylation that causes adaptive non-shivering thermogenesis [31] . UCP2 and UCP3 are closely related proteins of uncertain function that are found in mitochondria from several other tissues [32, 33] . We have investigated the functions of UCP2 in -generation rates (which, in the absence of external superoxide dismutase, report matrix superoxide production rates) were determined fluorometrically [51] . Data are meansϮrange from two independent experiments each performed in duplicate.
rat kidney mitochondria, and UCP3 in rat and mouse skeletal muscle mitochondria. UCPs bind purine nucleotides, and inhibition of mitochondrial uncoupling by GDP is generally diagnostic for UCP action, although knockout or reconstitution studies are required to confirm this supposition in any particular case. UCPs that were expressed in bacteria as inclusion bodies, solubilized and incorporated into liposomes had an obligatory requirement for addition of ubiquinone before GDP-sensitive uncoupling activity could be demonstrated [34, 35] . We followed up these observations by investigating whether ubiquinone could activate uncoupling by UCPs in isolated mitochondria [36] . We found that ubiquinone was a potent activator of uncoupling, and that this activation was prevented by GDP. However, we also found that the uncoupling triggered by addition of ubiquinone was prevented by addition of exogenous superoxide dismutase, suggesting that ubiquinone activates UCPs in isolated mitochondria by a pathway involving external superoxide [36] . In fact, we have since found that UCP1 catalyses normal GDP-sensitive proton conductance when it is expressed in mitochondria from yeast mutants that lack ubiquinone [37] , suggesting that ubiquinone is not an obligatory activator of UCPs, but has some other beneficial effect in the reconstituted system, such as generation of activatory superoxide or an effect on UCP stability or membrane insertion. To test whether superoxide itself is an activator of uncoupling by UCPs, we incubated isolated rat skeletal muscle mitochondria, which contain about 140 ng of UCP3/mg of protein [38] , with xanthine and xanthine oxidase, a superoxide-and H 2 O 2 -generating system. Proton conductance was stimulated, and this stimulation was prevented by GDP [39] . Addition of superoxide dismutase abolished the effect, showing that it was dependent on external superoxide. Addition of catalase had no effect on the xanthine/xanthine oxidase-stimulated proton conductance, and addition of H 2 O 2 did not stimulate GDP-sensitive uncoupling, showing that H 2 O 2 was not involved. The GDPsensitive uncoupling caused by superoxide was present in skeletal muscle from wild-type mice, but it was absent in skeletal muscle mitochondria from Ucp3 (Ϫ/Ϫ) mice, indicating that it was catalysed by UCP3 [39] .
Superoxide also activated GDP-sensitive proton conductance in mitochondria that contained UCP2 (from rat kidney, spleen and pancreatic ␤-cells) but not in those that did not (from rat heart and liver), indicating that uncoupling by UCP2 can also be stimulated by superoxide [39] . Superoxide caused GDP-sensitive activation of uncoupling in mitochondria from brown adipose tissue, which contain UCP1 (and perhaps UCP3). The same behaviour was seen in mitochondria isolated from yeast expressing mammalian UCP1, but not in those containing an empty vector, proving that UCP1 can also be activated by superoxide [37] . Thus proton transport by all three UCPs, UCP1, UCP2 and UCP3, can be activated by exogenous superoxide.
Aconitase, a citric acid cycle enzyme, is sensitive to superoxide, which displaces essential iron from the active site. Externally generated superoxide is able to inactivate matrix aconitase [40] , showing that it is able to enter the matrix (probably as the protonated species [27, 41] ). Superoxide activation of UCPs could therefore be from either side of the inner membrane. To determine the topology of activation, we used newly developed mitochondrially targeted antioxidants [42] [43] [44] . Ubiquinone covalently linked to the positively charged hydrophobic cation triphenylphosphonium (mitoQ) is accumulated into the mitochondrial matrix driven by the negative-inside membrane potential. In the matrix the quinone moiety can oxidize superoxide to oxygen, with an equilibrium being established between the quinone and the semiquinone, while the reduced (quinol) form readily reduces superoxide to H 2 O 2 and can also reduce carbon-and oxygen-centred radicals such as those that arise during lipid peroxidation. At low concentrations, oxidized mitoQ completely prevented superoxide activation of UCP2 in rat kidney mitochondria, but its constituents decylQ (containing the quinone head group but not accumulated) and decyltriphenylphosphonium (accumulated but not containing the quinone head group) did not, indicating that superoxide affected UCPs from the matrix side [40] . MitoQ was also used to show that matrix superoxide is not only necessary but also sufficient to activate UCPs. Under conditions in which the mitoQ is expected to become reduced (and therefore able to generate superoxide in the matrix by reducing oxygen), it was able to activate GDP-sensitive uncoupling. This activation was insensitive to external superoxide dismutase, supporting Mitochondrial superoxide and aging 207 the idea that it was caused by matrix generation of superoxide [40] . Thus matrix superoxide is both necessary and sufficient to cause activation of nucleotidesensitive uncoupling by the UCPs (Figure 3a) . The observations discussed above show that superoxide production in the matrix from complex I is very sensitive to mild uncoupling, and that matrix superoxide can cause mild uncoupling by activating UCPs. Together, they suggest an ancient physiological function for the UCPs in addition to the more recently evolved specialized thermogenic function of UCP1. The UCPs (UCP2 in kidney, lung, spleen and pancreatic ␤-cells; UCP3 and avian UCP in mammal and bird skeletal muscle respectively; plant UCPs in many tissues) would respond to matrix superoxide by causing mild uncoupling, which would inhibit superoxide production from complex I, leading to minimization of damage caused by ROS, at the cost of a slightly lowered efficiency of oxidative phosphorylation (Figure 3b ). The observations that mitochondria from Ucp3 (Ϫ/Ϫ) mice have higher ROS production, damaged aconitase and increased levels of markers of oxidative damage [45] [46] [47] support this model. superoxide sinks within mitochondria such as aconitase or Mn-superoxide dismutase, but it is a scavenger of carbon-centred radicals [48] . PBN was covalently attached to triphenylphosphonium to form a mitochondrially targeted spin trap (mitoPBN). This compound very effectively prevented superoxide activation of UCP2 in rat kidney mitochondria. PBN at the same concentration did not, indicating that superoxide activation of UCPs requires a carbon-centred radical in the matrix [49] .
Activation of mild uncoupling through UCPs by alkenals
As indicated above, superoxide in the mitochondrial matrix can release Fe(II) by attacking aconitase, and generate H 2 O 2 through the action of Mnsuperoxide dismutase. A cascade of events might then follow. Hydroxyl radicals can be formed from H 2 O 2 in the presence of Fe(II) by Fenton chemistry, and hydroxyl radicals are powerful oxidants that can attack (among other molecules) the polyunsaturated fatty acyl chains of membrane phospholipids to generate fatty-acyl carbon radicals. A self-propagating chain of free radical reactions can then lead to production of relatively large quantities of highly reactive aldehydes, chiefly hydroxynonenal from nϪ6 fatty acyl chains and hydroxyhexenal from nϪ3 fatty acyl chains [2] . We postulate that mitoPBN quenches the carbon-centred fatty acyl radicals and inhibits the initiation of the free radical chain reactions, preventing production of reactive aldehydes that are the activators of UCPs when matrix superoxide rises.
We investigated the effects of 4-hydroxy-trans-2-nonenal and other reactive aldehydes on UCPs. The structure of hydroxynonenal is shown in Figure  4 . At the low micromolar concentrations that are thought to occur in vivo [2, 50] , hydroxynonenal was a potent activator of proton conductance in rat kidney mitochondria [51] . The activation was sensitive to GDP, but not to mitoPBN, implicating UCP2 and supporting the model outlined above. Hydroxynonenal had similar effects in rat and mouse skeletal muscle mitochondria, which contain UCP3. However, hydroxynonenal caused no GDP-sensitive increase in proton conductance in skeletal muscle mitochondria from Ucp3 (-/-) mice, showing that the GDP-sensitive effect of hydroxynonenal was on UCP3. Similarly, hydroxynonenal activated proton transport by UCP1 in mitochondria from rat brown adipose tissue and in mitochondria from yeast expressing UCP1, but not in yeast containing empty vector. Thus hydroxynonenal can activate proton transport by all three UCPs. We also found that hydroxynonenal can activate proton transport by the adenine nucleotide carrier in a reaction that is insensitive to GDP but abolished by carboxyatractylate and bongkrekate, specific inhibitors of this carrier [51] .
To investigate the specificity of hydroxynonenal, we determined the ability of a number of analogues to activate UCPs [51] . The 4-hydroxy group was not required, since trans-2-nonenal was equally effective. Replacement of the aldehyde group by a carboxylic acid (using trans-2-nonenoic acid) did not affect the activatory ability. However, removal of the double bond in the 2-position (using nonanal or nonanoic acid) abolished activation. Thus the reactive 2-alkenal group shown shaded in Figure 4 appears to be necessary. This group is present in other UCP activators, such as retinoic acid, that are thought to act as fatty acid analogues [52, 53] . We found that trans-retinoic acid, trans-retinal and cinnamic acid were also potent activators of GDP-sensitive uncoupling by UCPs, suggesting that it is the 2-alkenal group, not the carboxyl group, that is important. Thus UCP1, UCP2 and UCP3 can all catalyse GDP-sensitive proton conductance that is stimulated by superoxide and sensitive to mitoPBN, or that is stimulated by HNE and is insensitive to mitoPBN. These results support the idea that superoxide activates UCPs through a free radical chain reaction that The hydroxyl radicals initiate free radical chain reactions in the polyunsaturated fatty acyl (PUFA) chains of membrane phospholipids, releasing hydroxynonenal (HNE) and other reactive aldehydes. These aldehydes covalently modify UCPs, activating their proton conductance and lowering the proton motive force (⌬p). Decreased proton motive force attenuates superoxide production from complex I, closing a feedback loop that responds to production of superoxide in the matrix by decreasing superoxide production.
forms reactive aldehydes such as hydroxynonenal. Our working model is illustrated in Figure 5 . Superoxide is formed in the matrix by complex I particularly during oxidation of substrates such as glycerol 3-phosphate or fatty acids. Much of this superoxide is converted by Mn-superoxide dismutase to H 2 O 2 , and some of this escapes to the extramitochondrial space and can be monitored as in Figures 1 and 2 . Some of the superoxide attacks matrix aconitase, releasing Fe(II), which generates small amounts of hydroxyl radical from the H 2 O 2 [54] . The hydroxyl radical attacks polyunsaturated fatty acids of the inner membrane phospholipids, initiating the formation of carbon-centred fatty acyl radicals that can be quenched by mitoPBN. Reaction of these fatty acyl radicals with oxygen leads the formation of lipid peroxyl radicals that propagate a chain reaction of lipid peroxidation. This leads to breakage of the acyl chains and release of relatively large amounts of reactive aldehydes, prominent among which is hydroxynonenal. The reactive aldehydes then interact with membrane UCPs in a way yet to be characterized, and stimulate proton conductance. The increased proton conductance lowers the mitochondrial proton motive force, which strongly decreases superoxide production by complex I because of the high sensitivity of superoxide formation ( Figure 2 ). This feedback loop would act as a short-term fine control over mitochondrial ROS production, balancing the needs for high proton motive force and high energy production against the need for minimal ROS production. If cellular dysfunction caused ROS production to become dangerously high, the adenine nucleotide carrier might be recruited to cause additional uncoupling, and ultimately to initiate oxidantinduced apoptosis to destroy the dysfunctional cell.
